A low-temperature camera for single-crystal X-ray investigation between 28 and 350 K has been developed for a modified Weissenberg goniometer. Cooling is provided by a double-stage cryorefrigerator which is firmly attached to the lowtemperature camera. Stranded copper cables ensure a flexible heat transfer between crystal and cold finger allowing a crystal rotation of 180 °. Compared to the usual Weissenberg technique almost no further limitation is given on the accessible angular range of the scattered radiation.
Introduction
Many reports have been published describing methods to investigate single crystals down to 77 K (Post, 1964; Rudman, 1976) . Usually the crystal is cooled by a stream of cold gas or nitrogen (e.g. Frenz, Enemark, Schroeder, Hodgson, Robinson, Loyd & Ibers, 1969; Rudman & Godel, 1969; Gobrecht, Gawlik & Grosse, 1971; Clarke & Morley, 1976; Danielsson, Grenthe & Oskarsson, 1976) . This method may be used in diffractometers as well as precession and Weissenberg goniometers. The advantage of a relatively simple set-up is troubled by possible ice formation on the crystal and a consumption of liquid nitrogen of 1 1 h-~ or more.
Literature on low-temperature apparatus for crystallographic investigations below 77 K is rare. Coppens, Ross, Blessing, Cooper, Larsen, Leipoldt & Rees (1974) and Albertsson, Oskarsson & Stfihl (1979) describe low-temperature devices for commercially available three-and four-circle diffractometers reaching temperatures of 20 K. A low-temperature attachment for Weissenberg goniometers down to 15 K is described by Sugino, Hidaka & Okazaki (1973) , whereas Thomas (1972) reports X-ray investigations at 7 K using a He cryostat and a vertical-axis Weissenberg camera.
All methods mentioned above use liquid helium as cryogen and unfortunately some very elegant solutions suffer from their high consumption of liquid helium (up to 41 h-1, Sugino et al., 1973) making experiments over a long period of time very costly. This aspect in particular suggests the use of closed-cycle refrigerators. A further advantage is the considerable reduction of experimental problems normally associated with the use of cryogens. Samson, Goldish & Dick (1980) have already reported an application for full-circle goniometers. We use the same refrigerator* consisting of a compressor and a cold head connected by flexible high-pressure lines. Because of the two-stage adiabatic expansion of He 10 K can be reached at the second station of the cold head. The cooling power is 1 W at 15K. This work shows the application of this closed-cycle refrigerator for a commercially available Weissenberg goniometer. The most important aspects for our design were: (i) Minimal limitation of the angular range of the scattered radiation. In fact the admissible azimuth angle ranges from 57 to -48 ~ and the axial angle from _+ 7 to _+175'. (ii) Maintenance of the full displacement range of the film casette. (iii) Since we were especially interested in measuring weak diffuse scattering special precautions were taken to get lowbackground photographs. We tried to fulfil these requirements with minor modifications of the Weissenberg goniometer only. The realization of items (i) and (ii)led to a relatively large distance between the crystal and the second station of the refrigerator (total distance 330 mm). Still the samples could be cooled below 30 K.
Low-temperature camera
Two items of the Weissenberg goniometert were changed for the construction of the low-temperature goniometer: (i) A larger film cylinder (R =41-5 ram) had to be built because of the vacuum shroud ( Fig. 1 ). (ii) The spindle was replaced by a rotary and linearmotion feed-through. Also, the distance between crystal and supporting plate for the goniometer was *Model 21, 'Cryodyne', Lake Shore Cryotronics, POB 29876, Columbus, Ohio 43229, USA.
"t'Huber, D-8211 Rimsting, Federal Republic of Germany. enlarged by ~30 mm. In this way we gained enough space for thermal insulation of the crystal from the goniometer head (standard goniometer head,* type 1005, height=49mm). The modifications of the Weissenberg goniometer are the same as for the hightemperature Weissenberg camera (Adlhart, Tzafaras, Sueno, Jagodzinski & Huber, 1982 ) so that the same goniometer can be used alternatively for high-or lowtemperature investigations. The low-temperature camera itself consists of the cold head of the refrigerator, a stainless-steel adapter to mount the camera on the Weissenberg goniometer, a Be tube~" (wall thickness=0.5 mm, diameter= 57.3 mm, length= 110 mm) and a smaller Be tuber (wall thickness = 0.2 mm, diameter = 10 mm, length = 20mm) as radiation shield (Fig. 2) . The incident beam is led by internal collimators and beam stoppers to shield scattered radiation and corresponds to the arrangement in the high-temperature camera . The cold head, the adapter with the Be tube and the collimators form a firm unit.
The second station of the cold head is thermally coupled to the sample support via copper bars, a copper ring and two helical copper cables, permitting an angular range of 180 ° for the crystal rotation. The crystal is mounted on a copper bar (length = 14 mm, *Huber, D-8211 Rimsting, Federal Republic of Germany. "~Kawecki Berylco Industries, Reading, Pennsylvania 19603, USA. diameter = 1.5 mm) which is screwed into the sample support. This support is fastened direct to the goniometer head by a connection of three coaxial stainlesssteel tubes (effective length = 90 mm, mean diameter = 9 mm, wall thickness = 0.1 mm) and contains also the heating wires and the temperature sensor.
The helically wound copper cables represent an essential part of the cooling camera, being responsible for the heat transfer between the oscillating crystal and the stationary cold head. Because of their very good thermal conductivity, we tested 0.3 mm diameter high-purity (99.999%) copper wires. However, wires of this diameter are relatively rigid and consequently cause mechanical problems. Therefore we now use for the flexible heat transfer two stranded copper cables usually applied in electronics. They have a cross section of -~0-5 mm 2 and a length of 150mm; the diameter of one strand is ___0-07 mm.
All low-temperature parts which are coupled to the second station are thermally shielded. A polished aluminum tube is clamped to the first station and thermally coupled with the beryllium radiation shield via copper tubes, a flexible copper cable and the conical copper radiation shield. This shield is mounted directly on the adapter by thin-walled stainlesssteel tubes to ensure the correct position of the beam apertures of the beryllium shield with respect to the incident beam. In operation the conical copper shield and the beryllium shield reach approximately 90 K.
For investigations of very small crystals it is impor- tant to readjust the sample after the cooling to compensate for the thermal contraction ('--0.15 mm) of the sample mounting. This is made possible by the linear and rotary vacuum feed-through. Here the crystal, which is illuminated externally along the camera axis, can be observed through one beam stopper with the adjusting microscope.
Temperature gradient over the crystal
Usually the crystal is either cooled by a stream of He gas (Sugino et al., 1973) or by an isothermal cavity blackened on the inside providing the thermal contact by radiative heat transfer (Samson et al., 1980) , or by direct heat conduction through the crystal mount, using He gas for the additional transfer to improve the temperature gradient (Thomas, 1972) . In our case the only heat transfer is given by the crystal mount which is tapered towards the crystal. Single bent focusing monochromators must be used to ensure a precise adjustment of the beam cross section at the sample to avoid scattering of the glue or the crystal mount itself. We may assume that there exists no noticeable temperature difference between the base and the top of the crystal mount because of its relatively large dimensions. It was in fact possible to reproduce within 0.2 K a structural phase transition of a urea inclusion compound at 149.6 K (Forst, 1980) . Still there remains the problem of temperature gradient within the crystal. In order to estimate its value we considered theoretically the very unfavourable case of a cylindrical sample of the excellent thermal insulator Pyrex glass. Neglecting the irradiation onto the base plane of the sample, we get for the entire radiative heat transfer Qr = ae( T~ -T~)2nrl, where a=56.7 nW m -2 K -4, T e is the surrounding temperature, T~ the sample temperature, r the radius and l the sample length. The heat flow Qs within the sample is proportional to the temperature gradient: Qs = 2r2n dT/dl and it follows from dQjdl=Q/l that 3Tma x =(12/r)(cr~:/2)(T 4-T4),
where 2 is the thermal conductivity of the sample.
With e= 1, 1= l mm, r=0.25 ram, 2(T=30K)= 0-19 Wm-~K -1 for Pyrex glass and a shield temperature T,.=90 K we get a value of ATm~x(30 K)= 0"15 K. About 1% of the room-temperature radiation hits the crystal through the primary beam apertures. Even if we assume that about 10% of this radiation reaches the crystal owing to reflection of light within the conical radiation shield, A Tmax(30 K) becomes only _~1 K for our example.
The situation is somewhat less favourable for T~ = 300 K, because the cold shield causes relatively high radiation heat losses from the sample. With ,;.(300)= 1.1 W m-i K-1 we get A Tin,x(300) = 1.6 K. However, this value can be lowered by simple technical modifications, such as decoupling the shield thermally from the second station or by additionally heating the shield.
These estimations, representing an upper limit, were experimentally tested with a needle-shaped sample (length = 1.5 ram, cross section 0.03 mm 2) of ~-bis(Nmethylsalicylaldiminato)nickel(II). The temperature gradient was determined by rapidly changing line widths of satellite reflections at a structural phase transition (Steurer & Adlhart, 1981) and amounts to 0 _+0.2 K mm-I at 200 K. It should be noted that at this temperature the total heat transfer between crystal and room-temperature parts reaches 80~,,, of its maximum value at a crystal temperature of 28 K.
Operation of the cooling camera
The crystal must be preorientated since geometrical reasons limit the amount of angular adjustment of the goniometer head to +4 ~ within the cooling camera. Then the crystal is glued to the copper mount with epoxy resin glue. Within the limitations just mentioned the crystal can again be readjusted on the lowtemperature goniometer. After the electrical connections have been attached, the adapter with the cold head is put from the front into the guide of the goniometer. For simpler handling the cold head is suspended in a horizontal guide. Simultaneously the copper ring with the helical copper cables is led by a guide to the sample support. Finally the radiation shield and the Be vacuum window are fastened.
After evacuating the instrument and turning on the cryorefrigerator 30 K is reached after about 3 h. The temperature control is maintained by a calibrated silicon diode temperature sensor (DT-500-GR-MIN)* and a three-term proportional, integral and derivative controller (DT-500 SP)* providing a stability of better than 0.1 K. So far the instrument has been in use for more than 4000 h and it has mainly been used for long time experiments. Various film techniques, e.g. Noromosic (Jagodzinski & Korekawa, 1973) , and oscillation and Weissenberg (Adlhart, Blank & Jagodzinski, 1981) photographs have been used. As an example we show the oscillation photograph of a urea crystal at various temperatures (Fig. 3) . The focus of the monochromator touches the front edge of the film, providing a high resolution perpendicular to the layer lines. In this way it is possible to investigate the superstructures stemming from several phase transitions at low temperatures. * Lake Shore Cryotronics, POB 29876, Columbus, Ohio 43229, USA. (b). T= 32 K.
Also, three-dimensional data sets can be collected with the low-temperature camera mounted on a specially designed diffractometer (Adlhart, 1982) . So far several structures have been refined successfully (Steurer & Adlhart, 1981) .
